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orientation by the MoS 2 . For asperity contact temperatures significantly above the softening
Point of B2 03 , the friction coefficient returned to about the same value as for temperatures
below the softening point. It is speculated that B2 03 liquifies resulting in the oxide
acting less adhesively thereby lowering the friction coefficient. This liquification also
provides a mechanism for greater loss of MoS 2 and an increased wear rate.

These observations support a hypothesis that an additive, such as boric oxide, can soften
as the asperity contact temperature approaches the softening point temperature of the
additive so that the overall tribological conditions may be improved resulting in reduced
interfacial wear. Different thermal or pressure-velocity (PV) conditions, for this same
additive, will significantly detract from optimum conditions.
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PREFACE

This technical report was prepared for the Lubrication Branch, Fuels

and Lubrication Division, Aero Propulsion Laboratory (APL), Air Force

Wright Aeronautical Laboratories (AFWAL), Air Force Systems Command,

Wright-Patterson Air Force Base, Ohio. The work herein was accomplished

under Project 3048, Task 304806, Work Unit 30480626, "Turbine Engine

Lubricant Research" for the period January 1987 to June 1987, with Mr Chris

J. Klenke, AFWAL/POSL, as project engineer.
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SECTION I

INTRODUCTION

The limit at which synthetic fluids can act as a lubricant is

generall1y accepted to be around 700°F due to vaporization and thermal

degradatin (1). At this, and higher temperatures, solid lubricants become

very important due to their tnermal and oxidative stability. Solid

lubricants are also important For other applications in which l;quid

lubricants can become contaminated or cannot support the required load (2).

Other advantages of solid lubricants are good stabilities, at extreme

temperatures, light weight, and better separation of mating .,urf:2ces when

sliding slowly under high loads. Some disadvantages of a solid lubrication

"system include the following: friction coefficients are generally higher

for solid lubri'ants than for fluids, finite wear lives, and feed rates of

gas - entrained solid lubricants must be carefully controlled to prevent

clogging and binding with excess lubricant if a powder delivery system is

employed (3). Examples of solid lubricants in use today aye molybdenum

disulfide (MoS-) and graphite.

Various materials may t.e added to solid lubricants for the purpose of

improving the wear volume and/or friction coefficient. In order to narrow

"Cwn the list of candidates for a solid lubricant additive, it is importdnt

to underst,,d how the additive perior.,,s beneficially and the criteria which

are critici,! in their selection.
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Recent research presents a hypothesis which states that some additives

improve solid lubricant performance due to the additives' ability to soften

at the asperity contacts, under certain conditions, which permits the solid

lubricant to attain and retain a preierred orientation thereby improving

the overall tribological situat.ion i4). The number of real area contacts

between the pellet and substrat3, at any one time, is highly dynamic.6 1

Pictures taken of steel pins sliding on a disk, with exposure times of less

than 33 milliseconds, show the number of asperity contacts to be roughly

constant at seven plus or minus three, su'ggesting a minimum three point

contact. The asperity contact temperature is estimated to be roughly 200 0C

above the surface temperature of the substrate (5).

To more closely examine this hypothesis boric oxide, B203 , was

selected for formulation with MoS 2 so that tribological studies could be

conducted above and below the glass transition (T ) temperature (253 0 C) of

the additive to determine where performance of the solid lubricant would be

enhanced by the additive. Two criteria used to assess the performance of

MoS /B03 formulations were the friction coefficient and wear volume in a

sliding wear test.

2
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SECTION II

EXPERIMENTAL

To assure that wear volumes and friction coefficients generated in the

pellet tests were not due to a few, large, hard particles, the Bi0 was

sieved through a nickel screen to a size no larger than 75 microns

(Fig. 1). 53.4 mg of the sieved B203  and 246.4 mrn of 14S 2 were

mechanically mixed in a test tube with a vortex spinner to insure good

dispersion of thle two powders. The mixed powder was formed at about

L5000 psi into a compact cylinder with a conically shaped tip. The cone

was then trimmed on a lathe to an angle of 21.8 degrees (Fig. 2). The

compressed pellet was mounted and counterbalanced in a MRI M4ARK VB wear

test machine (6) and axially loaded with 100 grams. The cone rested on an

isopropanol washed, 0.002 inch thick, stzainless steel substrate which was

rigidly mounted on a heated metal support. The substrate was rotated at

450 rpm for each test. Insignificant, minor variations in rpm was noted

throughout the tests. The pellet arm holder is linked to a linear voltage

differential transformer (LVDT). The tangential load exerted by the

sliding pellet causes a deflection of the LVDI which was recorded

continuously throughout each test on a strip chart recorder. LVDT

deflection, as a function of static load, was calibrated before each run.

The distance between the cone tip and the center of rotation was measured

after each run. Friction coefficients were calculated using these data.

The wear test machine is equipped with a bell jar permitting control

of the test atmosphere. Before each runI, a vacuum was drawn to 10-3 torr

and tf. chamber then recharged with filtered, dry air. This process was

3
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Figure 1. Sieved Boric Oxide

5. 08fij[ 2.8~

6.32 mm

Figure 2. Wear Pellet Configuration
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repeated three times to insure a dry atmosphere. B203, MoS 2 s and compacted

pellets were stored in a desticator at all times other than durirýý

preparation or testing.

Triplicate pellet tests ;ýere run for 10 minutes at 210C. 1000C, 150 0C,

2001C, 250 0C, 3000 C, and 316 0 C. After each tEst, the diameter of tne wear

cone was measured using a Baush and Lomb stereomicroscope which was

calibrated using a stage micrometer. The wear volume of each pellet was

calculated knowing the radius of the wear cone and the geometric

configuration of the pellets. Calculation of wear volume is as follows:

2 2Volume = (tI/3)r h = 1.047r 2 h

for a 21.80 cone, h = 0.39997r

or, volume = 0.4188r 3

where r = radius of wear cone base

and h = he'ght of wear cone of removed material

After each test, the worn pellets were evaporatively coated with gold and

the wear area examined in an Amray 1600 Scanning Electron Microscope (SEM).

5
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SECTION UIIt

Surmaries of the frictirg.it coefficients and w;ear voiwiez-s as S fi-rc-4z

of test temperatures are- given in Tables 1 and 2-. tutWyiig data v;w*75

omitted for various reasons including faitire to ventteczze rr

before a run and breaking oif the conical neilet tip a,--frt star:- uin a

test.

As seen, the data i2ndicate that ahIe frict-imiwriia?

significantly up to 150%C after which. t'-re is a- drmmticdli Th

average wear volumne is larme at 21Cwith a valve of 93-Z! =J Ž&tzf

wear volumes are aenerated up to a test teis-:era-thr -71 iir t-ir~ VS--Z

of wear is aenereced. As the taoer--atur-e is 44n-cr-sed t- 3-__ , rwz--z

volurre increases slightly to co. t5

SEll phot-ographs of the rocam te~per-ztujre weea pell~ets zii!vtt

in t-he wear surfaces (Fie. 3). A-mparance zft-- u srt r z~

ran below 1500C are irregular wvith j-m-eerdtre. ti~e Mest- tasurMtL??

of 1500C, t1-he wear sur-T,,- h-ec=ame mare C~rcaI-ar sM*- w-Uioetl~~

Evidence of plastic ddeformatie~n 4s obste- n-d iP t:- 4t~~ x

ran at a test tetaperat'Vre of i56C Fi-- -,,I- ASi trht

increased to 316Cr, 1te weear sunface retains a r~nrne ý*rar 'tg -Z

smrooth surface- Plestic defiornati-cm oze'Aterital;,IT t~iv ae--T, r~s

still evident at 3l61ýC.



O' -- 73 OI-

a - -'1241 
t- - , r Q___059

mi 0.7 0.030 i

0-1J 0-T53
T-Ta TAS--:2n-r 

2

31>1 valC¶ e-nS! OI57 i 0.049

Tw 0-033'O0S03

?51- t~m03z ± 00
3a~ O..03;

OSE O.01



Figure 3. Wear Surface Containing Voids at 21'C

I 9Z~ 4%

Fiaure 4.Wear Surface Exhibiting Areas of Plastic Deformation at 150'C
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SECTION IV

DISCUSSION

The wear data generated indicate that wear volume for B203/MoS 2

compacts varies with test temperature. Wear volumes of the pellets ran at

room temperature were large compared to wear generated at higher

temperatures. A SEM examination of the 21'C wear surface revealed many

voids (Fig. 3). It is speculated that B2 03 acts as an abrasive at the

interface and generated voids when some of the oxide particles are torn

from the compact matrix. This mechanism explains the high wear volume

occurring at room temperature. The inclusion of brittle, abrasive material

into the MoS 2 would also account for the comparatively high friction

coefficient.

At the test temperature of 150 0 C, there is a noticeable reduction in

the wear volume and increase in friction coefficient as compared to the

lower test tenperatures (Figs. 5 and 6). The low wear volume at this

temperature is attributed to B2 03 softening at asperity contacts and

plastically deforming, thereby allowing MoS 2 crystallites to obtain and

retain a preferred tribological orientation.

The increase in the friction coefficient, at 150 0 C, may be

rationalized by an increased "tackiness" of the B203, which is now acting

adhesively. The result of this increased "tackiness" is the creation of a

large tangential force resulting in an increased friction force (Fig. 6).

Similar behavior has been observed for boron carbide sliding on stainless

steel in air. In that system, boron carbide oxidizes to ferm a "sticky"

boron oxide film which then increases the friction (7).

9
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It has been shown that the asperity contact temperature for sliding

speeds in the range of 200 cm/sec with selected materials is generally

about 200°C above the test temperature (8). There are, however, many other

factors which can influence the actual temperature of these contact areas.

For these series of tests, the sliding speed was 50 cm/sec which would

create lower asperity contact temperatures than the predicted estimate

because less frictional heat is being generated and contact materials are

different. The softening point of the B2 03 , which corresponds to its Tg93

has been reported as 253°C (526°K) (9). It would not be unreasonable,

therefore, to assume that the asperity contact temperature would be in the

range of 250°C to 3000C, at substrate temperature of 150'C. It should be

kept in mind that water may play a role in deteru-ining the T of B203 which

in turn will effect the temperature at which B203 will soften. The T of a

substance, such as B203, is also, of course, a dynamic quantity which

depends on the rate of cooling or heating of the amorphous material which

may influence near surface performance of the additive.

When the substrate temperatures were increased to above 1500C, the

wear volume increased slightly and yielded a friction coefficient equal to

the average value it possessed below 150 0 C. The fact that the frictional

coefficient returned to its pre-150%C value lends support to the concept

that the high friction coefficient at 15000 is caused by the B203 becoming

tacky.

At temperatures higher than 1500C, it is presufed that B20 3 becomes

much less viscous at the asperity contacts which permits MoS 2 to be removed

from the interface, which provides a rationalization for a lower

coefficient of friction and higher wear rate.

12



Data from a previous study (4) show that the wear volume for MoS 2 is

around 0.2 Hn3 for a 20 minute run at 21'C. B203 /MoS 2 run under the same

conditions for only 10 minutes, generated a wear volume of 0.43 mm3 .

B203 /MoS 2 compacts tested at temperatures over 1000C, generated average

wear volumes under 0.06 nim while MoS 2 alone exhibited wear volumes over

0.17 LM3 . Friction coefficients for B20 3/MoS2 pellets at those

temperatures, with the exception of 150'C, were around 0.15 which are

similar to those generated by MoS 2.*

The wear data suggest that there is a test temperature at which there

will be a minimum wear volume (Fig. 5), due to complex physical

interactions between the solid lubricant, additive, and the substrate

surface, which corresponds to near the maximum in friction coefficient

(Fig. 6).

1
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SECTION V

CONCLUS IONS

This study supports the hypothesis that selected additives softenl

under appropriate asperity contact conditions permitting the solid

lubricant to attain and retain a preferred orientation thereby improving

tribological conditions. B2 03 used here as an additive in MoS 2 resulted in

a maximum 64% reduction in wear volume and an increase in the friction

coefficient when the asperity contact temperature nears the softening point

of the oxide.

Test temperatures significantly below the softening point of the oxide

evidently causes the additive to act as an abrasive with high wear and a

high friction coefficient. At relative high temperatures, B203 becomes

softer, perhaps even to the point of becoming liquid, permitting easy

removal of compact material at or near the contact points. Thus, the

increased fluidity of B2 03 causes it to be less adhesive which lowers the

friction coefficient but also provides a mechanism for greater loss of MoS 2

and increased wear rate.

The study also sutpports a concept that a solid lubricant additive or a •

lubricant by itself, that acts benefically due to softening, is likely to

have a simut11 envelope of usefulness in terms of temperature, pressure, and

sliding speeds. This is in contrast to materials such as MoS. and

graphite, which act as lubricants because of their laminar structure and--.
have a much larger envelope of usefulness in terms of temperature,

pressure, and slidin( speeds.

14
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